To investigate the similarities among methods in more detail, we merged shotgun and 3 4 0 PICRUSt based annotations at the level of COG categories. Principle coordinate analysis 3 4 1 reveals only small differences between imputations with regard to amplification method or 3 4 2 variable region ( Figure 5C ). However, large differences exist between the PICRUSt and shotgun 3 4 3 based functional repertoires, as well as between the shotgun techniques (MEGAN, single 3 4 4 assembly). Differences between the shotgun techniques were significant, but smaller than their 3 4 5 distance to the imputed functional spectra ( Figure 5C , Table S15 ). Finally, we examined the 3 4 6 abundance of functional categories within single host taxa and the mock community, which 3 4 7 reveals a higher relative abundance of functions related to energy production and conversion 3 4 8 (C), replication, recombination and repair (L), and unknown functions (S) in the assembly-based 3 4 9
annotations compared to the other techniques, which might be an important driver of the 3 5 0 observed differences ( Figure S24 , S25).
5 1
Thus, in summary, the PICRUSt imputed functional repertoires significantly differ from 3 5 2 actual shotgun profiles. While variation in imputation success is largely dependent on the identity 3 5 3 of the particular host community, V3V4 appears to more often yield successful imputations. 3 5 4
However, when successful, V1V2-derived imputations display closer similarity to actual 3 5 5 functional profiles. Finally, the amplification method (one step, two step) appears to have no 3 5 6 significant effect on the quality of functional imputation. These data therefore support the notion 3 5 7 that metagenome imputations should be evaluated with care, as they depend on the underlying 3 5 8 variable region and sample source. 3 5 9
Phylogenetic patterns in microbial community composition: The term "phylosymbiosis" 3 6 0 refers to the phenomenon where the pattern of similarity among host-associated microbial 3 6 1 communities parallels the phylogeny of their hosts [23] . Highly divergent hosts with drastic 3 6 2 differences in physiology and life history might be expected to overwhelm the likelihood of 3 6 3 observing phylosymbiosis, which is typically observed within a given host clade [23] . However, 3 6 4 the factors driving differences in composition among our panel of hosts may also be expected to 3 6 5 vary in terms of the bacterial phylogenetic scale at which they are most readily observed [24] . 3 6 6
Thus, we evaluated the degree to which bacterial community relationships (beta diversity) reflect 3 6 7 the underlying phylogeny of our hosts at a range of bacterial taxonomic ranks, spanning from the 3 6 8 genus to the phylum level. 3 6 9
In order to assess the general overlap between beta diversity and phylogenetic distance 3 7 0 of the host species, we performed Procrustes analysis [25] . These analyses reveal that the 3 7 1 strongest phylogenetic signal is observed when bacterial taxa are grouped at the order and/or 3 7 2 family level, whereby the one step protocols and the V3V4 region display greater correlations to 3 7 3 phylogenetic distance ( Figure 6A ). A similar pattern is observed for shotgun based community 3 7 4 profiles (i.e. MEGAN), although its fit increases again at the genus level. Measuring beta 3 7 5 diversity based on co-occurrence of bacterial taxa between hosts (Jaccard) displays a weaker 3 7 6 correspondence to host phylogeny than the abundance-based measure (Bray-Curtis) ( Figure 6 ).
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To assess the fit of individual host taxa, we examined the residuals of the correlation 3 7 8 between community composition and phylogenetic distance. Selenomonadales, Bacteroidales, Desulfovibrionales; Table S16; Figure S27 , S28). Analyzing 3 9 4 communities based on shotgun data on the other hand identifies 215 bacterial families and 97 3 9 5 orders associated with phylogenetic distances, whereby 69 and 27 display repeated 3 9 6 associations, respectively (Table S17 ; Figure S29 , S30 proteins, as well as hyaluronate, xanthan, and chondroitin lyases that stem from CAZY (see 4 3 0 Figure S31 , Table S18 ). These functions are all related to glycan-and mucin degradation and 4 3 1 interaction, which mediate many intimate host-bacterial interactions and are also observed in 4 3 2 subsequent analyses based on general functional databases (EggNOG; Figure S31 ). Finally, antibiotic resistance genes and virulence factors also show frequent 4 4 6 phylogenetic and host specific signals (Table S19, S20; Figure S31 Heterogeneity among the different amplicon approaches is however far smaller than the 4 9 1 observed heterogeneity between amplicon and shotgun methods, or within different shotgun 4 9 2 analyses, as observed in other benchmarking studies [31] . Differences between shotgun 4 9 3 approaches have been investigated in detail and also yield varying performances among 4 9 4
classifiers, but in general find a comparatively high performance of MEGAN based approaches 4 9 5
[9, 36, 37], which we also confirm in our study.
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Given the limited number of studies that have compared imputed-and shotgun derived 4 9 7 functional repertoires [5, 38] , our study also provides important additional insights. As imputation 4 9 8 by definition is data-dependent, the differential performance and prediction among hosts in our 4 9 9 study may in large part be explained by the amount of bacteria isolated, sequenced, and 5 0 0 deposited (16S rRNA or genome) from these hosts or their respective environments. This seems 5 0 1 to be most critical for the aquatic hosts. Furthermore, we observe a clear effect of variable region 5 0 2 on the prediction performance, which is most obvious based on the mock community. The 5 0 3
PICRUSt algorithm was developed and tested using primers targeting V3V4 16S rRNA, thus 5 0 4 optimization of the imputation algorithm might be biased towards this target over the V1V2 5 0 5 variable region. Although these performance differences, in particular the bias towards model 5 0 6 organisms compared to less characterized communities (e.g. hypersaline microbial mats), were 5 0 7 previously shown [5] , our study provides additional, experimentally validated guidelines for a 5 0 8 number of novel host taxa. 5 0 9
Interestingly, the strongest correspondence between bacterial community similarity and 5 1 0 host genetic distance was detected at the bacterial order level for most of the employed 5 1 1 methods. This may on the one hand reflect the deep phylogenetic relationships between our 5 1 2 host taxa, such that turnover of bacterial taxa erodes phylosymbiosis over time [23, 24] . On the 5 1 3 other hand, some of the more striking observations made among our host taxa are the 5 1 4 differences between aquatic and terrestrial hosts, both at the level of alpha and beta diversity. In contrast to the patterns observed based on 16S rRNA gene amplicon-based profiles, 5 2 4 the differentiation of bacterial communities according to host habitat was less pronounced based 5 2 5 on functional genomic repertoires. This raises the possibility that the colonization of land by 5 2 6 ancient animals required the acquisition of new, land-adapted bacterial lineages to perform 5 2 7 some of the same ancestral functions. The overall observation of increased beta diversity among 5 2 8
terrestrial-compared to aquatic hosts ( Figure S19 ) could in part reflect differential acquisition 5 2 9 among host lineages after colonizing land, although dispersal in the aquatic environment may on 5 3 0 the other hand act as a greater homogenizing factor among aquatic hosts. The stronger 5 3 1 correspondence between bacterial community-and host phylogenetic distance among terrestrial 5 3 2 hosts is also generally consistent with this hypothesis. However, the higher alpha diversity and 5 3 3 the slightly lower correspondence with the phylogenetic patterns in aquatic hosts may also 5 3 4 indicate a higher influence of environmental bacteria or a lack of physiological control over 5 3 5 bacterial communities. 5 3 6
Bacterial taxa and functions involved in carbohydrate utilization were among the most 5 3 7 notable associations to individual hosts, groups of hosts, and/or host phylogenetic relationships. were assigned to the domain Archaea, all found in two samples of human feces, accounting for 6 2 8 less than 0.1% of the clean reads in theses samples. The entire cleaned sequence data was 6 2 9 concatenated into a single file, dereplicated and processed with VSEARCH for OTU picking 6 3 0 using the UCLUST algorithm [61] using a 97% similarity threshold. OTUs were again checked 6 3 1 for chimeric sequences, now using the de novo implementation of the UCHIME algorithm in 6 3 2 VSEARCH [58, 61, 62] . All clean sequence data of the samples were mapped back to the 6 3 3 cleaned OTU sequences using VSEARCH. OTU sequences and clean sequences mapping to 6 3 4 the OTUs were taxonomically annotated using the RDP classifier algorithm with the RDP training 6 3 5 set 14 [63, 64] . Sequence data were normalized by selecting 10,000 random sequences per 6 3 6 sample. Taxon-by-sample abundance tables were created for all taxonomic levels from Phylum 6 3 7
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